Abstract: New iodide-selective electrodes based on bis(2-mercaptobenzothiazolato) mercury(II) [Hg(MBT) 2 ] and bis(4-chlorothiophenolato) mercury(II) [Hg(CTP) 2 ] carriers are described. The electrodes were prepared by incorporating the ionophores into plasticized PVC membranes, which were directly coated on the surface of graphite disk electrodes. The electrodes displayed high selectivity for iodide with respect to a number of inorganic and organic anions. The influence of the membrane composition and pH, and the effect of lipophilic cationic and anionic additives on the response properties of the electrodes were investigated. The electrodes exhibited near-Nernstian slopes of −57.6 ± 0.8 and −58.4 ± 1.4 mV/decade of iodide concentration over the range 1 × 10 −6 -1 × 10 −1 M, with detection limits of ~4 × 10 −7 and 6 × 10 −7 M for the electrodes based on [Hg(MBT) 2 ] and [Hg(CTP) 2 ], respectively. They have relatively fast response times ( 10 s), satisfactory reproducibility, and life times of at least two months. The potentiometric responses of the electrodes are independent of pH of the test solution over the range 3.5 -11.5.
Introduction
Due to the importance of iodine as an essential micronutrient and its key role in many biological activities such as brain function, cell growth, neurological activities and thyroid function [1] , numerous analytical methods have been reported for its determination at low concentration levels. These include gas chromatography with mass spectrometry detection [2] ; ion chromatography with spectrophotometry [3] or mass spectrometry [4] detection; inductively coupled plasma atomic emission mass spectrometry [5] ; neutron activation analysis [6] ; chemiluminescence [7] ; polarography [8] ; cathodic [9] and anodic stripping voltammetry [10, 11] ; flow injection methods based on amperometry [1] , spectrophotometry [12] or catalytic [13] detection; and potentiometry based on ionselective electrodes (ISEs) . Most of these methods require expensive instrumentation, rather complicated techniques, and/or sample pretreatments. Among these methods, ISEs offer unique advantages such as simplicity, speed of analysis, low cost, wide linear range, reasonable selectivity and non-destructive analysis, and as such, have emerged as one of the most promising tools for direct and easy determination of various species.
One of the most important figures of merit for an ISE is its selectivity towards a specific analyte, which is generally limited by the interaction of the ionophore within the membrane with other ions. The selectivity of ISEs is generally governed by specific and non-specific interactions. Specific interactions are based on chemical recognition principle, where a recognition element such as metalligand interaction is used to achieve the required selectivity. Non-specific interactions, which are generally governed by the so-called Hofmeister pattern, are based on both lipophilicity and electrostatic interactions. Therefore, these interactions are essentially "non-selective" [14] . Most of the recently reported anion-selective electrodes are based on specific type of interactions, where complexes of suitable ligands with several metal ions have been employed in the design of "truly" anion-selective electrodes for different anions. It has been shown that the anion selectivity of the membrane electrodes that are based on metal complexes is influenced by both the structure of the ligands and the properties of the metal ions [14, 15] .
The wide use of ISEs in routine chemical analysis have accompanied by a search for ionophores that offer improved potentiometric response characteristics. Several iodide-selective electrodes, which are based on the relatively selective interaction of transition metal complexes with iodide, have been reported. Polymeric membranes containing a complex of triisobutylphosphine sulfide and either Ag + or Hg 2+ have been reported for iodide [15, 16] . Although these electrodes show good selectivity for iodide with respect to several anions, they have fairly long response times. [19, 20] , for the construction of iodide-selective electrodes. The purpose of this work was the development of iodide-selective electrodes based on plasticized PVC membranes, containing Hg(MBT) 2 and Hg(CTP) 2 as the membrane active ingredients, coated on the surface of graphite disk electrodes. Coated type electrodes are very easy to construct and handle, and offer much higher mechanical resistance, compared to their liquid membrane counterparts. As such, these electrodes can be applied in flowing streams and as microelectrodes for in-situ analysis. Further, they can be easily regenerated by dipping the electrodes into the membrane solution. Different types of solid-contact electrodes have been successfully applied in various fields of applications, such as flow-injection analysis [30, 31] , capillary electrophoresis [32] [33] [34] , and direct or indirect determination of many cationic and anionic species [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . In this work, the selectivity for a variety of ions and the effect of membrane matrix, ionophore concentration, additives, and pH on the potentiometric response properties of the proposed electrodes were investigated.
Experimental

Reagents
Dibutyl phthalate (DBP), sodium tetraphenylborate (NaTPB), dioctylphthalate (DOP), bis(2-ethylhexyl) sebacate (BEHS), methyltrioctylammoniun chloride (MTOAC), tetrahydrofuran (THF) and high relative molecular weight PVC were purchased from Aldrich and were used as received, except THF which was distilled before use. The compounds used for preparation of complexes including 2-mercaptobenzothiazole, 4-chlorothiophenol, methanol, dimethylformamide (DMF), diethyl ether, mercury acetate, acetone, and all other chemicals were of highest purity available from Fluka, and were used without further purification. Stock 0.1 M iodide solutions were prepared daily from potassium iodide. All aqueous solutions were prepared with deionized, distilled water. Mercury complexes of 2-mercaptobenzothiazole and 4-chlorothiophenol were synthesized and purified according to previously reported procedures [46, 47] . The pH adjustments were made with dilute nitric acid or sodium hydroxide solutions as required.
Preparation of electrodes
The coated-graphite electrodes were prepared according to a previously reported method [44] . Graphite rods (3 mm diameter and 10 mm long) were prepared from spectroscopic grade graphite. A shielded copper wire was glued to one end of the graphite rod with silver loaded epoxy resin, and the rod was inserted into the end of a PVC tube. The working surface of the electrode was polished with a polishing cloth. The electrode was rinsed with water and methanol and allowed to dry. A mixture of PVC, plasticizer and the membrane additive (MTOAC), to give a total mass of 100 mg, was dissolved in about 5 ml of THF. To this mixture was added the electroactive material, Hg(MBT) 2 or Hg(CTP) 2 , and the solution was mixed well. The polished graphite electrode was then coated, by repeated dipping (several times, a few minutes between dips) into the membrane solution. A membrane was formed on the graphite surface, which was allowed to set overnight. The electrode was rinsed with water and conditioned for ~18 h in 0.05 M potassium iodide solution. The coating solutions are stable for several weeks if kept in refrigerator and can be used for the construction of new membranes.
Apparatus and potential measurement
All potential measurements were carried out with the following cell assembly: Hg/Hg 2 Cl 2 /KCl (sat'd.) || test solution | PVC membrane | graphite electrode. All the potential measurements were carried out with a digital pH/Ion meter, model 692 Metrohm at 25.0 ± 0.1 o C. The pH of the sample solutions was monitored simultaneously with a conventional glass pH electrode. The performance of each electrode was investigated by measuring its potential in potassium iodide solutions prepared in the concentration range 1 × 10 −1 -1 × 10 −7 M by serial dilution of the 0.1 M stock solution at constant pH. The solutions were stirred and potential readings recorded when they reached steady state values. The data were plotted as observed potential versus the logarithm of I -concentration. The spectra of the complexes were recorded with a Varian model Cary-500 spectrophotometer using a 1 cm quartz cells.
Results and discussion
The coated graphite electrodes based on Hg(MBT) 2 and Hg(CTP) 2 complexes in PVC membranes incorporating DBP as plasticizer and MTOAC as the membrane additive were highly selective to iodide ion with respect to several anions. The electrodes behave reversibly in iodide solutions of different concentrations and have fast exchange kinetic, as they reached stable potentials in ≤ 10 s. The selectivity of the electrodes for iodide ion with respect to several anions, such as perchlorate, salicylate, nitrate, nitrite and thiocyanate (logK I -,J -, −2.6, −4.0, −4.9, −4.8, and −1.2 to −2.4, respectively) indicate that there is a relatively specific interaction between the carriers and iodide ion. In fact, the membrane electrodes based on both mercury complexes behave on the basis of a specific type of interaction. The preferential response of the membranes based on these carriers toward iodide ion is believed to be associated with the selective coordination of this anion to the mercury center in the complexes. The selectivity of the electrodes with respect to halide ions show the trend I − > Br − > Cl − (logK I -,J -, ~ −3.0 and −3.5 for bromide and chloride ions, respectively), which follows all of the stepwise stability orders of the halide-mercury complexes in solution (Table 1 ) [48] . This also may be taken as a good indication for the selective interaction of iodide with mercury carriers in the membranes. The strong deviation from the Hofmeister selectivity pattern: ClO 4
, observed for several highly lipophilic anions, also can be described correspondingly. From the UV-Vis spectra of Hg(MBT) 2 and Hg(CTP) 2 complexes with iodide in chloroform solutions, obtained at a fixed concentration of the carriers and increasing amounts of iodide, typically shown in Figure 1 for Hg(MBT) 2 , it was possible to distinguish the interaction between the central metal and iodide. The substantial increase in absorbances at 320 nm for Hg(MBT) 2 -iodide and at ~300 nm for Hg(CTP) 2 -iodide systems were observed after addition of iodide to the solutions containing the complexes. It should be mentioned that Hg(MBT) 2 and Hg(CTP) 2 complexes have very low solubility in aqueous solutions, which minimize their leaching from the membrane and contamination of the sample solutions. This, together with their high tendency towards the soft iodide ion, makes the proposed carriers useful for construction of iodide-selective electrodes. 
Influence of the membrane composition
Different membrane compositions were prepared by varying the concentration of the carriers, the nature and amount of plasticizer, and concentration of the membrane additive. The influence of these parameters on the response characteristics of the electrodes were investigated in iodide concentrations in the range 1 × 10 −7 -0.1 M.
The amount of carrier was changed while the ratios of PVC/plasticizer and MTOAC/carrier concentrations were the same for all of the membranes. The working range and sensitivity of the electrode response were improved on increasing the concentration of Hg(MBT) 2 or Hg(CTP) 2 up to 5%. Further addition of the carrier concentration worsened the electrode response, most probably due to saturation or non-uniformity of the membrane. The electrodes with no carrier (blank membranes, containing PVC, plasticizer and MTOAC) displayed insignificant selectivity and sensitivity towards iodide.
The influence of plasticizer type on the response characteristics of the iodide electrodes was investigated by using five plasticizers of different polarities including DBP, DOP, NPPE, DOPP and BEHS. In all cases the plasticizer/PVC mass ratio of 2 resulted in highest sensitivity. Among the several membranes tested for each of the carriers, the membranes incorporating DBP generally showed better potentiometric responses, i.e., higher sensitivity and wider linearity of the calibration plots. It seems that DBP, as a low polarity and a relatively high mobility, with respect to other plasticizers examined, provides appropriate conditions for incorporation of highly lipophilic iodide ion into the membranes prior to its coordination with the mercury atom in the complexes.
The influence of the type and concentration of the membrane additives were also investigated by incorporating MTOAC or NaTPB into the membranes. The potentiometric sensitivity of the membranes based on both carriers was greatly improved in the presence of MTOAC as a lipophilic cationic additive, compared to the membranes with no additive at all. No anionic response was observed when the anionic additive, NaTPB, was incorporated. Previous studies have shown that there is an optimal concentration of lipophilic ionic additives in the membranes that gives the best electrode performance. The effect of MTOAC concentration in the membrane was investigated at several additive/carrier mole ratios. Generally the electrodes with MTOAC/carrier mole ratios of ~0.55 for both of the carriers exhibited maximum sensitivity over a wide range of iodide concentration. Among the different membrane compositions studied, membranes with 5.0% carrier, 2.1-2.3% MTOAC, 31.0% PVC and 62.0% DBP (MTOAC/carrier mole ratio of ~0.55), which showed highest sensitivity and widest linear range, were selected as the optimum composition for further studies (Table 2) . 
Response characteristics and selectivity of the electrodes
The optimum equilibration time and concentration of the conditioning solution for both electrodes were 18 h in 0.05 M potassium iodide solution, after which the electrodes generated stable potential responses.
The behavior of the coated membrane electrodes based on Hg(MBT) 2 and Hg(CTP) 2 ionophores was investigated at different pH values using 1 × 10 −3 and 1 × 10 −2 M iodide solutions. The potential responses of the electrodes based on both carriers are almost independent of pH over the range 2.5 -11 or 3.5 -11, depending on the iodide concentration (Figure 2 ). The maximum change ∆E/∆pH was ~ 1 mV, indicating that OH − can not compete with iodide ion, and do not interfere even at high pH values. , 0.5 and 5 mL of 0.1 M iodide solution to 50 mL of 1 × 10 −6 M iodide, which was followed by a recorder, is shown in Figure 4 .
A B 100 mV Figure. 3. Calibration plots of the electrodes based on (A) Hg(MBT) 2 and (B) Hg(CTP) 2 carriers. Membrane compositions and measurement conditions are given in Table 2 .
The reproducibility and stability of the electrodes were tested by repeated monitoring of potentials and calibration over a period of two months. The results revealed a very slight gradual decrease in the calibration slopes of the electrodes after this period. For instance, the relative standard deviation (RSD) of the calibration slope for the same electrodes (between electrode variation) stored in 0.05 M potassium iodide solution over periods of 15 days and 1 month were 1.7 and 2.5%, respectively. Higher RSD values were observed when the electrodes were stored in ambient air or in distilled water ( Table 2 ). The standard deviation of slope for several electrodes (within electrode variation), constructed by using the same membrane solution for Hg(CTP) 2 and Hg(MBT) 2 ionophores, were −58.4 ± 1.4 and −57.6 ± 0.8 mV/decade of iodide concentration, respectively.
The potentiometric selectivity coefficients of the coated graphite electrodes were determined by the separate solution method (SSM), using 0.01 M solutions of iodide and interfering ions, and also by the fixed interference method (FIM) using 0.01 M interfering ions and varying concentrations of iodide ion. Table 3 lists the potentiometric selectivity coefficients of the optimized membrane electrodes (according to Table 2) based on Hg(CTP) 2 and Hg(MBT) 2 ionophores. From Table 3 , it can be seen that the electrodes based on both carriers are highly selective towards iodide with respect to a variety of anions. There is a satisfactory agreement between the two sets of results obtained for several anions by the FIM and SSM methods. The order of selectivity for the ionophores studied in this work clearly indicates that there is a strong and selective interaction between both of the ionophores and iodide ion. It should also be noted that almost all of the response characteristics including sensitivity, detection limit, linear range, pH dependency, response time and even the selectivity of the electrodes based on Hg(CTP) 2 and Hg(MBT) 2 ionophores are very similar. This is another indication that the interaction between iodide and the two complexes occurs at the mercury center via a specific type of interaction, and that the two ligands structures do not play a considerable role on the response of the electrodes. Table 2 .
Analytical applications
The resulting electrodes were applied to the determination of iodide in a drug preparation (Meglumine Compound Injection, from Darou Pakhsh Pharmaceutical Co., Iran, is an iodide containing drug used for protection from light and secondary X-rays). The sample was prepared by refluxing 1.0 mL of the drug preparation in concentrated sodium hydroxide solution in the presence of zinc powder for 30 min [24] . After cooling, the reaction mixture was filtered and washed with water three times. The filtrate was acidified with H 2 SO 4 and diluted to 1 L with water. The iodide content of the resulting solution was determined potentiometrically by the standard addition method. The results obtained by the electrode method are in agreement with those obtained by titration with standard AgNO 3 solution as given in Table 4 . The electrodes were also applied for the determination of iodide added to tap water samples and as indicator electrodes for potentiometric titration of silver and iodide ions. The direct potentiometric measurement was carried out using the standard addition technique. The results for the determination of iodide ion at several concentrations are in agreement with the known iodide content as given in Table 4 . The electrodes were also found useful for the potentiometric titration of Ag + with iodide and vice versa. Typical titration plots are shown in Figure 5 .
Conclusions
New iodide-selective solid-contact membrane electrodes have been prepared using Hg(CTP) 2 and Hg(MBT) 2 complexes. The electrodes have been shown to have good operating characteristics (Nernstian response; reasonable detection limit; relatively high selectivity, especially with respect to the highly lipophilic anions; wide dynamic range; fast response; applicability over a wide pH range). These characteristics and the typical applications presented in this paper, make the electrode suitable for measuring the iodide content in a wide variety of samples, without a significant interaction from concomitant anionic species. The results show that there was a coordination interaction between iodide and the proposed carriers, which played an important role in the response characteristics and selectivity of the electrodes. Other conditions are given in Table 2 . 
